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Abstract. Understanding the relationship between human disturbance and ecological response is
essential to the process of indicator development. For large-scale observational studies, sites should be
selected across gradients of anthropogenic stress, but such gradients are often unknown for a population
of sites prior to site selection. Stress data available from public sources can be used in a geographic
information system (GIS) to partially characterize environmental conditions for large geographic areas
without visiting the sites. We divided the U.S. Great Lakes coastal region into 762 units consisting of
a shoreline reach and drainage-shed and then summarized over 200 environmental variables in seven
categories for the units using a GIS. Redundancy within the categories of environmental variables
was reduced using principal components analysis. Environmental strata were generated from cluster
analysis using principal component scores as input. To protect against site selection bias, sites were
selected in random order from clusters. The site selection process allowed us to exclude sites that
were inaccessible and was shown to successfully distribute sites across the range of environmental
variation in our GIS data. This design has broad applicability when the goal is to develop ecological
indicators using observational data from large-scale surveys.

Keywords: anthropogenic stress, ecological indicators, GIS, Great Lakes, human disturbance
gradient, sampling design

1. Introduction

The goal of biological monitoring and assessment is to measure and evaluate the
consequences of human activities on biological systems. Ecological indicators have
become important tools for the assessment and monitoring of natural resources,
but management and monitoring programs have a history of using indicators that
have lacked scientific rigor because of a failure to use a defined protocol for se-
lecting the indicators (Dale and Beyeler, 2001). An additional limitation of many
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current indicators is that they lack connection with specific anthropogenic stresses,
making unclear the cause of ecosystem change and how to implement restorative
management (Suter et al., 2002). Several recent methodological papers have pro-
posed protocols and criteria for indicator development and selection (Hunsaker and
Carpenter, 1990; Cairns et al., 1993; Barber, 1994; Jackson et al., 2000; Andreasen
et al., 2001; Dale and Beyeler, 2001). A common thread among these papers is that
indicators must be evaluated for properties including variability, error, discrimina-
tory ability, and responsiveness (to stress). Thus, to determine whether indicators
are robust, it is clear that at some point in the development process ecological data
must be collected, analyzed, and interpreted. The process of deciding where to
collect data is termed sampling design (Stevens and Urquhart, 2000). Because the
sampling design imposes constraints upon the interpretation of the data, special care
needs to be taken to ensure that the data meet the needs of the project (Overton and
Stehman, 1995; Schreuder et al., 2001). Considerable effort has been devoted to ap-
propriate sampling designs for monitoring programs that have the goal of reporting
on ecological condition across a system of interest (Skalski, 1990; Urquhart et al.,
1993; Larsen et al., 1994; Olsen et al., 1999; Stevens and Olsen, 1999; Herlihy
et al., 2000). However, there is little information about sampling designs for de-
tecting and understanding human-caused changes in biological systems (Karr and
Chu, 1999), especially for observational studies with a wide geographic extent.
The sampling design planned by Holland (1990), with results reported in Weisberg
et al. (1993), is a notable exception.

Understanding the relationship between human activity and ecological response
is essential to the process of indicator development; an indicator is not useful
unless it varies predictably across a gradient of stress (Dale and Beyeler, 2001).
Although potential indicators can be shown to be responsive to stress in laboratory
or field experiments, for large observational studies the best way to demonstrate
responsiveness is by evaluating the potential indicator at sites along a gradient
from relatively pristine to highly disturbed (U.S. EPA, 1998). Statistical approaches
such as curve fitting can then be used to describe relationships between stresses (x
variables) and potential indicators (y variables). Studies that furnish a wider range
of variation in the x variable are expected to give more precise estimates of the effect
on y (Cochran, 1965). When a study is concerned with a single stress, the sampling
design may be conceptually simple. Sites could be selected at either the extreme
ends of the stress gradient or at several values along the stress gradient, depending
upon the study objectives. In most circumstances, however, natural ecosystems
are simultaneously influenced by many types of anthropogenic stress, making the
sampling design more complex if the goal is to evaluate many potential indicators
at several levels of stress and for many stresses.

Indicator development must also be concerned with understanding how pat-
terns of response to anthropogenic stress are related to natural physical features
and processes (Karr and Chu, 1999). Responses of interest must be isolated from
noise introduced by natural spatial and temporal variability (Osenberg et al., 1994).
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Indicators also should incorporate environmental conditions encountered during
routine monitoring (Barber, 1994) and embody diversity in key environmental gra-
dients that are not anthropogenic stresses, such as soils, temperature, and hydrol-
ogy (Dale and Beyeler, 2001). Hence, an additional consideration for indicator
development is to distribute the sample across sources of environmental varia-
tion that may influence potential indicators but are not directly representative of
stress.

How can sites be selected widely across many dimensions of stress and other
environmental variation? Simple random sampling will tend to produce a sample
in which the xs are spread throughout the range of x values in the population if the
sample size is large, but this should not be left to chance if sample size is small
or there is a need to ensure that a certain range of x values are covered (Royall,
1970). Systematic samples over large geographic regions also do not guarantee
that important x variables are covered. This was recently demonstrated by Austin
et al. (2001), who applied the sampling design of the U.S. EPA Environmental
Monitoring and Assessment Program (EMAP) in the prairie pothole region and
found that sample points tended to be clumped at one end of the range of landscape
variables.

Alternatively, if environmental conditions are quantified for a study region, strat-
ification can be used in the sampling design to ensure the sample is distributed across
important gradients (Austin and Heyligers, 1991). Indeed, an impressive amount of
data is available for many geographic regions and can inform us about a study area
prior to sampling. Via the Internet, one can quickly access publicly available data
representing anthropogenic stresses and other types of natural environmental varia-
tion at various resolutions and spatial extents. For example, for the U.S. Great Lakes
region, we obtained point locations for sewage treatment facilities, land use data at
30 m resolution (Vogelmann et al., 2001), and estimates of agricultural runoff for
United States Geological Survey hydrologic units (eight-digit HUC) (Seaber et al.,
1987). We propose such data can be used to partially characterize environmental
conditions for sampling locations across large geographic areas without visiting
sites, and can be used as stratification variables in a sampling design. Whether
such data can also be used to evaluate responsiveness of potential indicators will
depend upon the scale at which an indicator is influenced and whether the data are
representative of the important stresses.

The objective of this paper is to describe a sampling design to develop indicators
for the U.S. Great Lakes coastal region. In particular, we describe the way in
which the coastal region was subdivided into observational units and the process
we developed to ensure that the samples collected were distributed across a range
of environmental conditions. Results for stress/response relationships and indicator
evaluation are not discussed here and will be reported elsewhere. Although our
design is specific to the coastal region of the Great Lakes, the methodology has
general applicability when the goal is to develop indicators using observational
data from large-scale surveys.
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2. Project Background

The Great Lakes Environmental Indicators (GLEI) project has the overall goal of
developing indicators of ecological condition for the Great Lakes coastal region.
Because of restrictions on funding and the size of the study area, our project was
limited to the U.S. portion of the basin. Our study includes a wide variety of po-
tential indicators representing individual, population, community, and landscape
attributes to reflect the move toward using multiple measures to assess condition
(U.S. EPA, 2002). The project was organized into five subcomponents that indi-
vidually focus on ecosystem aspects related to current management concern in
the coastal Great Lakes (Environment Canada and U.S. EPA, 2003): (i) birds and
amphibians, (ii) diatoms and water quality, (iii) fish and macroinvertebrates, (iv)
wetland vegetation, and (v) environmental contaminants. Numerous recent exam-
ples in the literature demonstrate indicator development using similar indicator
categories (e.g., O’Connell et al., 1998; Simon et al., 2000; Cole, 2002; Fore and
Grafe, 2002). Areas of focus within subcomponents were paired partly because of
similarity of sampling protocols for taxonomic groups (e.g., both birds and am-
phibians are sampled using auditory surveys).

Indicators will be developed by approaching stress/response relationships from
both stress and response perspectives. For example, we will (i) identify biological
responses that indicate the presence or amount of a particular kind of stress, and
(ii) identify which of the several stresses has the greatest influence on a particular
biological response. Indicators will be developed for subcomponents individually
(e.g., fish indicators of ecosystem condition) and by integrating indicators across
subcomponents (O’Connor et al., 2000). Integrated measures are thought to better
assess the ecological condition of an area (Karr and Chu, 1999; U.S. EPA, 2002).
A challenge in the study design was to allow for maximum overlap in sampling
locations, given different sample size requirements and sampling methodologies
across the subcomponents. For example, the bird/amphibian subcomponent could
visit many more sites than the other subcomponents because the sampling protocol
takes much less time per site (Table I). The environmental contaminants subcompo-
nent had a slightly different sampling design due to a much smaller sample size and
different project goals compared to the other groups. The design for environmental
contaminants is not addressed here and will be described elsewhere.

3. Study Area

The Great Lakes basin is an immense area that covers more than 30 million ha,
holds 23,000 km3 of water, and represents 18% of the world’s surface freshwater
(U.S. EPA and Government of Canada, 1995) (Figure 1). The basin is within one
of the most industrialized regions of the world and contains about 10% of the U.S.
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TABLE I
Targeted number of sites per cluster (stratum) for coastal ecosystem types for project subcomponents

Subcomponents

Birds and Diatoms and Fish and macro- Wetland
Coastal ecosystem n Clusters amphibians water quality invertebrates vegetation

Nearshore uplands 60 3

Nearshore wetlands 60 5

Open 20 1 1 1

Protected 20 1 1 1

River-influenced 20 1 1 1

Embayments 20 1 1

High-energy shoreline 20 1 1

Total sites per
subcomponent 480 100 100 60

Figure 1. Watershed boundary of the Great Lakes basin, with the U.S. portion divided into two
ecological provinces.



46 N.P. DANZ ET AL.

population. The region has been identified as an area of high ecological signifi-
cance because of the presence of 131 elements (100 species and 31 communities)
that are critically imperiled, threatened, or rare on a global basis (The Nature Con-
servancy, 1994). The basin exhibits a wide range of environmental variation from
relatively pristine wetlands and headwater streams to highly disturbed ecosystems
near industrial areas. A substantial body of literature exists on the history and
biota of the basin. Primary human pressures to coastal ecosystems in the basin in-
clude land use and landscape change (Brazner, 1997; Richards and Johnson, 1998;
Detenbeck et al., 1999), climate change (Hartmann, 1990; Mortsch and Quinn,
1996; Magnuson et al., 1997; Kunkel et al., 1998, Mortsch, 1998), exotic species
(Griffiths, 1993; Brazner et al., 1998; Brazner and Jensen, 1999), point and non-
point source pollution (The Nature Conservancy, 1994), atmospheric deposition
(Vitousek et al., 1997; Nichols et al., 1999), and various hydrological modifica-
tions (e.g., dredging, breakwaters, docks, harbors).

4. Units of the Great Lakes Coastal Region

4.1. COASTAL ECOSYSTEMS

Coastal regions of the Great Lakes basin subject to anthropogenic stress include land
margins, nearshore waters, wetlands, estuaries, and bays (Minc and Albert, 1998;
Keough et al., 1999, Detenbeck et al., 1999). Our units for indicator development
are six types of ecosystems that occur in these regions. Nearshore upland is defined
as the terrestrial region from the shoreline to 1 km inland. We defined embayments
as shoreline indentations, where the width of the indentation mouth is less than the
depth of the indentation, the total area is greater than 1 km2, and there are fewer
than two smaller embayments contained within. High-energy shoreline consists of
lengths of shoreline not defined as embayment where emergent vegetation is not a
dominant shoreline feature (e.g., sandy beach, cliffs, rock outcrops). Three types of
coastal wetlands include open-coast wetlands, drowned-river mouth and flooded-
delta wetlands (river-influenced), and protected wetlands as defined by Keough
et al. (1999). The goal of sampling is to obtain representative measurements from
the six types of coastal ecosystems, with project subcomponents having different
sampling requirements for the ecosystem types (Table I).

4.2. SEGMENT-SHEDS

A primary step of study design is to identify the sampling frame—the list of all
units that could potentially be selected for sampling (Figure 2) (Cochran, 1965).
Conceptually, our sampling frame included all individual coastal ecosystem units
(as defined above) in the U.S. Great Lakes basin. Because of the large size of the



ENVIRONMENTALLY STRATIFIED SAMPLING 47

Figure 2. Sample design process.

basin it was impossible to delineate and compute environmental variables for the
entire sampling frame prior to site selection. Instead, we defined a manageable
number of coastal portions that contained our sampling units, and for the purpose
of sampling design we computed environmental variables for the coastal portions
rather than for ecosystem units individually (Figure 2). These coastal portions
consisted of coastline segments with their associated drainage areas and accordingly
are labeled “segment-sheds.”

Segment-sheds were delineated in a two-step process using a geographic infor-
mation system (GIS). First, segments were defined as lengths of shoreline beginning
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Figure 3. Example segment-sheds near Houghton, Michigan. Each segment-shed consists of the
drainage area surrounding a second order or higher stream.

and ending halfway between each second order or higher stream reaching the coast-
line using Reach File version 3.0, (RF3) (U.S. EPA, 1994). Second, the drainage
area associated with each segment, including the stream and adjacent coastline,
was delineated using the National Elevation Dataset (Gesch et al., 2002). This pro-
cess resulted in 762 segment-sheds for the U.S. portion of the Great Lakes basin
(Figure 3). We used a watershed-based approach to define coastal portions because
coastal ecological condition is strongly influenced by upstream human activity
(NRC, 2000). In addition, ecological assemblages are affected by geologic and an-
thropogenic factors operating at a watershed scale (Johnston et al., 1990; Hunsaker
et al., 1992; Detenbeck et al., 1990, 1993; Richards et al., 1996; Johnson and Gage,
1997), and watersheds are being increasingly used as units for management (e.g.,
Total Maximum Daily Load [TMDL], Section 303[d]).

Using a GIS, we identified as accurately as possible the existence of individual
ecosystem units within each segment-shed with United States Geological Survey
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(USGS) digital orthophoto quadrangle images (DOQs) having 1-m resolution, 7.5-
min USGS digital raster graphic images (DRGs), and existing wetland inventories
(Herdendorf et al., 1981; Johnston, 1984; National Wetlands Inventory, 1990). All
segment-sheds contained at least one ecosystem type, and some segment-sheds con-
tained several. Nearshore uplands, high-energy shorelines, and large embayments
sometimes crossed segment-shed boundaries. For the purpose of sampling design,
we defined the portion of a coastal ecosystem within a segment-shed’s boundaries
as a discrete site. Coastal wetlands usually had well defined natural boundaries that
occurred entirely within individual segment-sheds, and each individual wetland
was considered a site. When a segment-shed contained sites of different ecosystem
types, all of the sites were considered as candidates for sampling.

4.3. ENVIRONMENTAL VARIABLES

Using primarily public sources, we collected GIS data for one category of environ-
mental variation not reflective of stress (i.e., soils), and for six categories of human
disturbance that are of current management concern in the Great Lakes region
(Environment Canada and U.S. EPA, 2003): agriculture (including agricultural
chemicals), atmospheric deposition, land use and land cover, human population
density and development, point and nonpoint source pollution, and shoreline modi-
fication. The latter six categories included a combination of natural land cover (e.g.,
forests, wetlands), along with types of human activities (e.g., amount of agricul-
tural land), and specific stressors (e.g., agricultural nitrogen runoff). A total of 207
data layers were collected across the seven categories. The variables are principally
land-based, which reflects our focus on developing coastal ecological indicators re-
lated to land-based human activities in the basin rather than stresses from the open
water. These data were at various spatial resolutions and it was necessary to rescale
them to the resolution of segment-sheds. For example, land cover data existed as
30 m2 pixels assigned to 1 of 20 classes; these data were summarized as the areal
proportion of the segment-sheds comprised by each class. Table II includes several
representative variables for each category, along with data sources and original
resolution.

In summary, we computed 207 variables for 762 segment-sheds that were defined
using drainage patterns. Because the primary sources of stress to coastal ecosys-
tems are upstream human activities in coastal watersheds (Kennish, 2002), we are
confident that using stresses computed for segment-sheds will result in our sampled
sites, e.g., individual river-influenced wetlands, being spread over desired gradients
of environmental stress. Future work will include computing stress variables cor-
responding to the individual coastal ecosystems that were actually sampled, which
will allow us to check how well stresses computed for segment-sheds correspond
to stresses at individual sites within segment-sheds.
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5. Environmental Strata

Our general strategy for distributing sampling effort across a range of environmental
conditions in the basin was to create groups (strata) of segment-sheds having similar
environmental profiles, followed by selection of segment-sheds from strata using a
randomized procedure (Figure 2). We based our strata on (i) ecological provinces
(Bailey, 1989), (ii) coastal ecosystem types, and (iii) clusters of segment-sheds
generated by the statistical treatment of environmental variables thought to influence
potential indicators or ecological condition (Figure 4). Particular coastal ecosystems
within a particular ecological province define subunits of the Great Lakes basin
for which indicators will be developed. Clusters of segment-sheds with similar
environmental conditions were used to distribute segment-sheds across the range
of environmental variation represented in the GIS data.

5.1. ECOLOGICAL PROVINCES

As part of the National Heirarchical Framework of Ecological Units, the U.S. Great
Lakes basin has recently been classified using criteria on the basis of ecological

Figure 4. Schematic for environmental stratification. Clusters represent groups of segment-sheds
with similar environmental conditions for each coastal ecosystem type in each province and are strata
from which sites were selected.
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factors at different geographical scales (Bailey, 1989; Keys et al., 1995). The units
delimit areas of different ecological capabilities and are being used to facilitate a
sound approach to resource planning, management, and research (Cleland et al.,
1997). Province is the highest level of the hierarchy that segregates the Great Lakes
basin into two portions of nearly equal size, the Laurentian Mixed Forest and Eastern
Broadleaf Forest provinces (Figure 1). Preliminary analysis of our environmental
data revealed major differences in primary environmental gradients between the
provinces. By using provinces as environmental strata, we will be able to develop
indicators for each province, as well as for the entire basin. In addition, these strata
allowed us to ensure that samples were well distributed, geographically (Stevens
and Olsen, 1999). Although provinces are divided into finer units (e.g., sections
and subsections), the combination of the large extent of the basin and limitations
on the number of samples prevented us from using the finer units as strata.

5.2. COASTAL ECOSYSTEM TYPES

We used our inventory of coastal ecosystem types to construct lists of segment-sheds
that potentially contained each type of ecosystem; these lists were used as sets of
segment-sheds for which further statistical analyses would identify strata (clusters)
(Figure 4). For example, according to our inventory, 187 segment-sheds contained
one or more river-influenced wetlands; segment-sheds that did not contain river-
influenced wetlands were excluded from further stratification when selecting river-
influenced wetland samples. Sampling across the range of environmental variation
for each ecosystem type enables the project subcomponents to develop indicators
specific to those ecosystems (e.g., fish indicators of embayment condition) and for
integration of indicators across taxonomic groups (e.g., multi-taxonomic indicators
of Great Lakes coastal wetland condition).

5.3. CLUSTERS

Conceptually, each individual environmental variable represented a gradient across
which we desired to distribute sampling effort. However, because the number of
variables was large compared to the number of sites we could select, it was impos-
sible to define strata for each variable. This also was unnecessary, because of the
large amount of redundancy in the set of environmental variables. For the purpose
of sampling design, we considered the seven categories of environmental variables
equally important. That is, we wanted these categories to have equal influence in
the development of environmental strata. We used principal components analysis
(PCA) on the correlation matrix to remove redundancy and to reduce dimensionality
within each category of environmental variables (Table III) (SAS Institute, 2000).
Prior to PCA, two types of transformations were applied to all variables to reduce
the influence of outliers. Data that were proportions were subject to the arcsine
square-root transformation; all other variables were transformed by first adding the
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TABLE III
Cumulative proportion of variance explained by the first five principal components for categories
of environmental variables. The number of variables used as input to each PCA is indicated by n

Principal component

Province Category n 1 2 3 4 5

Laurentian Mixed Forest Agriculture 21 0.72 0.81 0.86 0.90 0.93

Atm. dep. 11 0.76 0.86 0.93 0.99 1

Land cover 23 0.23 0.37 0.49 0.57 0.63

Pop. dens. 14 0.27 0.49 0.59 0.68 0.74

Point source 79 0.38 0.47 0.54 0.60 0.66

Shoreline mod. 6 0.33 0.52 0.69 0.85 1

Soils 53 0.24 0.42 0.52 0.57 0.63

Eastern Broadleaf Forest Agriculture 21 0.41 0.60 0.72 0.82 0.86

Atm. dep. 11 0.60 0.85 0.94 0.97 0.99

Land cover 23 0.23 0.37 0.49 0.58 0.64

Pop. dens. 14 0.29 0.43 0.55 0.65 0.73

Point source 79 0.41 0.50 0.57 0.63 0.67

Shoreline mod. 6 0.29 0.50 0.68 0.85 1

Soils 53 0.17 0.31 0.44 0.52 0.57

minimum nonzero value for the variable and then calculating the natural logarithm.
PCA can be thought of as rotation of the data so that observations are maximally
spread along new axes (Rencher, 1995). The new axes (principal components, PCs)
are uncorrelated and represent gradients of environmental variation within each
variable category.

To generate the environmental strata, we used nonhierarchical k-means clus-
tering with principal component scores as input variables (PROC FASTCLUS;
SAS Institute, 2000). Because of differences between project subcomponents in
sample numbers and types (Table I), separate cluster analyses were run for the
bird/amphibian subcomponent for the other three subcomponents: diatom/water
quality, fish/macroinvertebrate, and wetland vegetation. For simplicity, we describe
the process for the latter three subcomponents only. Cluster analyses were carried
out separately for segment-sheds containing the five ecosystem types to be sam-
pled by these project subcomponents: three wetland types, high-energy shoreline,
and embayments within the two provinces (Table I), resulting in 10 cluster anal-
yses. Clustering was carried out individually for ecosystem types to ensure that
all segment-sheds within clusters contained the appropriate ecosystem, because
at least one site from a segment-shed was to be selected from each cluster. We
specified 20 clusters because this number was the largest common denominator
for the number of sites that would be selected from each ecosystem type among
the subcomponents (Table I). Eleven clusters were specified for the Laurentian
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Figure 5. Example clusters for segment-sheds containing river-influenced wetlands in eastern Lake
Ontario. Unshaded segment-sheds do not contain this type of wetland. Clusters A–C are in the Eastern
Broadleaf Province, Cluster D is in the Laurentian Mixed Forest Province.

Mixed Forest Province and nine were specified for the Eastern Broadleaf Province;
the ratio 11:9 is equivalent to the ratio of segment-sheds in the two provinces,
respectively.

In FASTCLUS, variables with large variances have more effect on the resulting
clusters than those with small variances (SAS Institute, 2000). Prior to cluster-
ing, we standardized the principal component scores for the PCs that explained
90% of the variation within each environmental category (Table II). This amounted
to 65 PCs for the Laurentian Mixed Forest Province and 72 PCs for the East-
ern Broadleaf Province. We then rescaled the scores by multiplying by the square
root of the proportion of variance explained for the corresponding component.
This had the effect of equalizing the total variance for all categories, while al-
lowing for the PCs with greater original eigenvalues to have greater variance.
Thus, each category had equal influence on the clustering overall, but individ-
ual PCs from categories had influence relative to the amount of variance they
explained. The resulting clusters were strata having segment-sheds with a sim-
ilar environmental profile, and the clusters were spread across the range of en-
vironmental conditions present in the GIS data for each ecosystem type in each
province (Figure 5).
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6. Site Selection

Our sampling units were individual coastal ecosystem units as described above
(see 4.1., Coastal Ecosystems) rather than entire segment-sheds. The focus of
our site selection process was to identify and choose sites appropriate for sam-
pling within segment-sheds (Figure 2). A “site” refers to an individual coastal
ecosystem. To span the range of environmental conditions, at least one site was
selected from every cluster (Table I). We evaluated segment-sheds using aerial
photos and maps in a GIS (see 4.2., Segment-sheds) to locate individual ecosystem
units within segment-sheds and to determine whether the units were accessible.
Segment-sheds were evaluated one at a time in random order within a cluster
to minimize bias due to any preexisting familiarity with the sites. If a segment-
shed did not contain at least one accessible site, the segment-shed was rejected
and another segment-shed from the same cluster was evaluated (Figure 2). If a
segment-shed was found to contain one or more accessible sites, one site was
chosen randomly and included in the sample. Only in a few instances did segment-
sheds in fact contain more than one accessible ecosystem unit of the same type,
e.g., two river-influenced wetlands in the same segment-shed. This process was
repeated until the appropriate number of sites was selected for each cluster (Ta-
ble I). If a cluster did not contain enough acceptable sites, segment-sheds were
evaluated from other clusters having similar environmental profiles as judged by
Euclidean distance from the centroid of the original cluster (SAS Institute, 2000).
To maximize sampling overlap, the project subcomponents selected sites in a pro-
gression, with the bird/amphibian subcomponent selecting sites first followed by the
other groups in decreasing order of sample size. During segment-shed evaluations,
subcomponents gave priority to sites previously included in the samples of other
groups.

A sample is defined as the group of sites selected for each coastal ecosystem
type for each subcomponent. For example, the wetland vegetation subcomponent
selected one site from each of 20 clusters for each of the three wetland ecosystem
types (Table I). Thus, this subcomponent had a protected wetland sample, an open
wetland sample, and a river-influenced wetland sample, each consisting of 20 sites,
for a total of 60 sites altogether.

7. Sample Distribution

Ideally, sites would be distributed widely across every environmental variable used
in site selection. To check the success of the sampling design in distributing sites
along the gradients, we compared the range of variation present in each sample to
the potential range of the variables used in cluster analysis for each provinces (n
= 65 variables for the Laurentian Mixed Province; n = 72 variables for Eastern
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Broadleaf Province). For each variable, the potential range of variation was defined
as 100 (percentiles) for each combination of ecosystem type and province. The
range covered by a sample was the difference in percentile scores between the
segment-shed having the minimum and maximum values along each variable. For
example, Figure 6 shows the distribution of the protected wetland samples for
three subcomponents along three variables, plotted together with the total possible
distribution of segment-sheds containing protected wetland. We used the median
percentile range covered by each sample across all the clustering variables for
individual provinces to represent the success of the sample design, with median
ranges nearer to 100 representing greater success.

The degree to which the samples spanned the range of variation was related
to sample size and to the evaluation criteria used to accept or exclude sites. The
bird/amphibian subcomponent had the most well-distributed samples, with the sam-
ples having a median percentile range above 90 for both provinces (Table IV). This
group also had the largest sample size (Table I). Most samples selected by the other
subcomponents had a median percentile range over 80, with open-coast wetland
samples being a notable exception (Table IV). We had difficulty selecting open-
coast wetlands because they are poorly characterized on existing maps (Johnston
and Meysembourg, 2002), and segment-sheds that were thought to contain open-
coast wetlands prior to cluster analysis were found to be lacking such wetlands
during site selection. In addition, areas of the Eastern Broadleaf province portion
of the basin that were formerly open-coast wetlands were often diked, which con-
verted them to protected wetlands.

8. Discussion

Sampling designs for observational studies to detect and understand human-caused
changes in biological systems should include explicit consideration of how to dis-
tribute sampling effort with respect to important environmental gradients. If the
objective is to characterize the relationship between stress and biological response
along entire stress gradients (e.g., curve-fitting), then it is necessary for the sites
to span the gradients (Karr and Chu, 1999). Alternatively, studies to develop indi-
cators by comparing measures taken at reference versus degraded sites will not be
concerned with sampling the middle of stress gradients. Reference versus degraded
designs would be least well served by simple random sampling, especially if the
population of sites is normally distributed with regard to stress; a random sample
would result in most sites in the middle of a stress gradient and few sites at the
extremes. Because many present-day landscapes have a long and varied history of
human activity, no single measure will adequately describe human influence (Fore,
2003). We have presented a general technique that uses detailed environmental strat-
ification to ensure that sampling effort is distributed across many environmental
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Figure 6. For three project subcomponents, the distribution of protected wetland samples along the
first principal component of the agriculture, atmospheric deposition, and human population density
variables. Scatter points represent individual segment-sheds. In each plot, the bottom row (All
PW) shows values for all segment-sheds containing protected wetlands and represents the to-
tal possible range of variation along that component for each province. Subcomponents: FM =
fish/macroinvertebrate, DW = diatoms/water quality, WV = wetland vegetation.
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gradients. The steps in site selection were to (i) divide the study area into a man-
ageable number of units, (ii) compute environmental variables for the units and
remove redundancy with PCA, (iii) cluster the reduced data, and (iv) select sites
from clusters according to a set of evaluation criteria. In our design, we specified the
number of clusters according to the number of sites that could be chosen by project
subcomponents (e.g., sampling intensity was known a priori). Sites within clusters
are likely to be spatially clumped due to autocorrelation in the clustering variables.
Thus, selecting a small number of sites from each cluster will have the effect of
minimizing spatial autocorrelation in the sample because neighboring sites would
not likely be selected. In cases where sampling intensity can be flexible, cluster
analysis can be used to identify how many samples are needed to sufficiently cover
the gradients. In terms of cost, it may be beneficial to use the smallest number of
clusters that capture most of the environmental variation (Austin and Heyligers,
1991).

The general principle of sampling along environmental gradients is scale-free,
but whether the data used to distribute the sites will be appropriate for stress-
response characterization depends on the scale at which an indicator is influenced.
Fore (2003) showed that for several multimetric biological indexes, the more inte-
grative the measure of anthropogenic disturbance, the greater the responsiveness.
Principal components of a set of stress variables often have been used as integrated
disturbance measures (Hughes et al., 1998; Norton et al., 2000; O’Connor et al.,
2002). Many individual metrics (e.g., wetland plant species abundance) would be
expected to be responsive at a finer scale. In cases when data used for site selec-
tion are not appropriate for evaluating responsiveness, new data must be obtained
from site-based measurements. The amount of publicly available environmental
GIS data is impressive; many of the variables we used were available for the entire
continental United States. However, for each variable that is obtained, substantial
additional effort must be allocated to processing, rescaling, and archiving. One
advantage our project had in this regard was that the effort was simultaneously
spread across the project subcomponents, which were sharing a single sampling
design and common objectives. It is easy to imagine how compiling a database
with an exhaustive stressor list or for a large geographic region could become cost
prohibitive.

The influence of human activity on Great Lakes coastal ecosystems continues to
be of great concern. This is highlighted by recent work that identifies current major
human pressures in the Great Lakes, including nutrient inputs, exotic species, con-
taminants, sedimentation, atmospheric deposition, land use, and human-population
growth (Environment Canada and U.S. EPA, 2003). We were able to use knowledge
of the important human disturbance to design a study particular to the management
concerns of the Great Lakes coastal region. In combination with measures of stress
collected during field sampling, the GIS data representing stresses at various reso-
lutions can also be used during indicator development to evaluate the scale at which
our biological responses are related to human activity. The focus of this paper has
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been a sampling design that is applicable to any geographic region. In addition, the
database of environmental variables and the summary of stress gradients are valu-
able sources of information regarding land-based human activity in the Great Lakes
basin. Much of the previous indicator research in the Great Lakes has focused on
estuaries and the blue waters, with few studies focusing on the coastal margins. Our
research explicitly considers the basin as a contributor to the condition of the lakes’
margins. Such a view will offer insights into long-term protection and restoration
of coastal ecosystems from land-based stresses.
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